Three triaza macrocyclic ligands, NOTP, NO2AP and NOA2P, and their gallium (III) chelates were studied in view of their potential interest as scintigraphic and PET imaging agents. A 1 H, 31 P and 71 Ga multinuclear NMR study gave an insight on the structure, internal dynamics and stability of the chelates in aqueous solution. In particular, the analysis of 71 Ga NMR spectra gave information on the symmetry of the Ga 3+ coordination sphere and the stability of the chelates towards hydrolysis. The 31 P NMR spectra afforded information on the protonation of the non-coordinated oxygen atoms from the pendant phosphonate groups and on the number of species in solution. The 1 H NMR spectra allowed the analysis of the structure and the number of species in solution. 
Abstract
Three triaza macrocyclic ligands, NOTP, NO2AP and NOA2P, and their gallium (III) chelates were studied in view of their potential interest as scintigraphic and PET imaging agents. A 1 H, 31 P and 71 Ga multinuclear NMR study gave an insight on the structure, internal dynamics and stability of the chelates in aqueous solution. In particular, the analysis of 71 Ga NMR spectra gave information on the symmetry of the Ga 3+ coordination
sphere and the stability of the chelates towards hydrolysis. The 31 P NMR spectra afforded information on the protonation of the non-coordinated oxygen atoms from the pendant phosphonate groups and on the number of species in solution. The 1 H NMR spectra allowed the analysis of the structure and the number of species in solution. 31 P and 1 H NMR titrations combined with potentiometry afforded the measurement of the protonation constants (log KHi) and the microscopic protonation scheme of the triaza macrocyclic ligands. The remarkably high thermodynamic stability constant (log KGaL = 34.44 (0.04) and stepwise protonation constants of Ga(NOA2P) 2- were determined by potentiometry and 69 Ga and 31 P NMR titrations. Biodistribution and gamma imaging studies have been performed on Wistar rats using the radiolabeled 67 Ga(NO2AP) -and
Introduction
The importance of gallium chelates in nuclear medicine has led to an increasing interest in the coordination chemistry of this metal ion. The use of Ga 3+ in clinical applications such as nuclear scintigraphy ( 67 Ga; , t1/2 3.35 days) and particularly in positron emission tomography, PET, ( 68 Ga;  + , t1/2 68 min) is in rapid expansion [1] [2] [3] [4] [5] [6] . Most of the 67/68 Ga radiopharmaceuticals belong to the class of gallium bioconjugates where a Ga 3+ chelate is covalently linked to a biomolecule that is able to recognize a biological function, e.g. a receptor. High thermodynamic and kinetic stabilities are required for in vivo applications of the metal chelates, ensuring that the radiopharmaceutical remains intact during its lifetime in the body [7] [8] [9] . Triaza macrocyclic ligands are particularly appropriate to complex 67/68 Ga 3+ due to their high conformational and size selectivities towards this metal ion allowing a proper fit of the relatively small cation in the triaza cavity [10] .
The kinetics of complexation and dissociation processes, as well as the solution structures of the chelates are affected by the number and nature of the substituent groups bound to the nitrogen atoms of the macrocyclic ring. Ligands with different types of pendant arms (carboxylates [11] [12] [13] [14] [15] , phosphinates [16] [17] [18] [19] and phosphonates [20] ) have shown to be very suitable ligands for Ga 3+ .
The Ga 3+ triaza chelates present symmetric crystal structures with the metal ion in a more or less distorted octahedral coordination polyhedron, showing a C3 symmetry axis. The three nitrogen atoms occupy one facial plane and the oxygen atoms from the pendant arms occupy the other almost parallel face (N3O3 systems). The degree of distortion of their crystal structures from regular octahedral coordination is defined by the relative twist angle (θ) of the N3 and O3 planes from the symmetrical staggered conformation. 4 are quadrupolar nuclei and therefore the linewidths of the NMR signals they originate are determined by the electric field gradients present in the distorted Ga 3+ coordination polyhedron. Thus the 69 Ga and 71 GaNMR signal linewidths can be used as a sensitive measure of that degree of distortion in solution [21] .
In the continuation to our studies on the aqueous solution chemistry and structure of metal chelates of triaza-based ligands of potential interest for diagnostic purposes [14, 15, 20, 
Results and Discussion

Determination of protonation and stability constants
The equilibrium reactions in the Ga 3+ -L -H + (where L denotes the multidentate ligand) ternary systems can be described by the following equations, where all the overall equilibrium constants (β) are concentration quotients rather than activities and are defined as:
In the absence of Ga 3+ (1) and (2) refer to the protonation equilibria of the ligands, and the respective constants are represented as log KHi.
The protonation constants, log KHi, of the ligands NOTP and NOA2P as defined in equation (1) and (2), were determined by pH-potentiometric titrations at I = 0.1 M KCl and 25 ºC, except for log KH1, which was determined by 31 P NMR titration (see below), as its existence was proved by titrating the ligand in the presence of a large Ca 2+ excess. The potentiometric titrations were performed in the pH range of 1.80-11.80 for the ligand (ESI Fig. S1 ) and 12.35-2.04 (see Fig. 2 as an example) since the formation of the Ga 3+ complexes is fast under these conditions. Table 1 ) and by others for the tetraaza macrocyclic analogue DOTP (log KH1 = 14.65) [31] . The effect of substituent methylenephosphonate groups on the protonation of a nitrogen site is much stronger than that of methylenecarboxylate groups, as seen by the much lower log KH1 value of NOTA (Table 1 ). The second protonation step, like the first one, also involves protonation of the macrocyclic ring nitrogens [26, 27] . The log KH2 Following the titration of the already equilibrated system from pH = 8 to 1.8 one can get the protonation constants of the HxGaL species without any dissociation of the complexes.
The stability constants are summarized in Table 2 together with data for several Ga 3+ complexes for comparison.
The thermodynamic stability constant of Ga(NOA2P) 2-(log βGaL= 34.44) is much higher than the previously reported values for Ga(NOTA) [19] and Ga(DOTA) [32] . The higher value relative to Ga(NOTA) could be partially ascribed to the higher overall basicity of NOA2P relative to NOTA due to the presence of the two methylenephosphonate groups.
The size of the triaza macrocyclic ring matches that of the Ga 3+ ion (r = 0.68 Å) quite well, but, as the ring occupies only one facial plane of the coordination octahedron, such a matching might play a minor role in complex stability. The ability of Ga 3+ to promote the distortion of the macrocyclic ring to allow the pendant groups to come to the ideal structural proximity to the metal centre for bond formation could be the determining factor in stabilizing the complex. As the phosphonate ligands are more rigid than the carboxylate ones, as shown by NMR (see later), they can more easily adopt a pre-organized conformation favourable to bond formation, leading to an entropic contribution to the stability of the Ga(NOA2P) 2-complex. In the case of Ga(DOTA), stability decreases due to a larger macrocyclic ring and the presence of two free carboxylate groups [32] .
The stability sequence of the NOTA analogues based just on their resistance against the formation of Ga(OH)4 -, as followed by 71 Ga NMR, will be discussed below.
Three protonation steps were found for the Ga(NOA2P) 2-complex, the first two corresponding to protonation of the negatively charged metal-unbound oxygen atoms of the two coordinated phosphonate groups, while the third one probably results from protonation of the carboxylate. Despite the tendency of Ga 3+ to form hydroxocomplexes, two mixed hydroxocomplexes were considered in the potentiometric model. In these hydroxospecies, the hydroxide anion probably replaces one or two of the coordinated pendant arms. An hydroxo complex was previously proposed for Ga(NOTA) [19] but not for Ga(DOTA) [32] .
As it is difficult to compare the stability constants of different Ga 3+ chelators due to differences in ligand pKa and/or stoichiometry, the pGa value has been proposed as a means for more direct comparison. The pGa values express the amount of free Ga 3+ present at equilibrium at a total ligand concentration of 10 −5 M, a total Ga concentration of 10 −6 M, and pH 7.4. A pGa = 26.60 was calculated for Ga(NOA2P) from our thermodynamic data in Table 2 , which is higher than that of Ga(NOTA) (pGa = 24.81) and specially of Ga(DOTA) (pGa = 20.19), indicating that NOA2P is the strongest chelator.
NMR studies of the complexes.
In order to validate the speciation model of the Ga 3+ -NOA2P -H + ternary system based on potentiometry, we have carried out 31 NMR measurements in strongly alkaline samples (Fig. 4) . In fact, the following reaction has been followed:
The free ligand (NOA2P 5-dominantly in monoprotonated form) gives a (proton coupled) 31 P NMR triplet signal at 10.9 ppm, while the Ga(NOA2P)(OH) 3- shows two partially overlapping signals at 11.45 and 11.60 ppm. Despite the limited resolution, one can clearly conclude the non-equivalence of the two coordinated phosphonate groups in the Ga(NOA2P(OH)) 3-complex. The 69 Ga NMR spectra are in full agreement with the 31 P NMR results, and although the signal of Ga(NOA2P)(OH) 3-at about 120 ppm is too broad for quantitative integration, the sharp signal of Ga(OH)4 -at 220 ppm gives reliable intensity data for calculation of the molar ratios. [20] and specially for Ga(NOTA) [11, 12] , reflecting a more distorted octahedral geometry. Ga(NOTA) has a highly symmetric crystal structure, with Ga 3+ in a slightly distorted octahedral coordination polyhedron, with two opposite almost parallel faces N3 (formed by the three ring nitrogen atoms) and O3 (from the pendant carboxylate oxygen atoms) [11, 12] . The degree of distortion of this coordination polyhedron from a regular octahedron is defined by the twist angle θ between the N3 and O3 planes from the symmetrical staggered conformation, which can be estimated to be higher in the phosphonate complexes than for Ga(NOTA) (θ = 12.4 o ) [11, 12] . The 71 Ga NMR signal linewidth is determined by quadrupolar relaxation, which increases with the electric field gradients caused by distortion of the Ga 3+ coordination polyhedron. Thus, for complexes with approximately the same size (same rotational correlation time), the 71 Ga linewidths are a sensitive measure of the degree of distortion of the complexes in solution.
The 71 Ga NMR linewidths available for a series of Ga 3+ chelates of different triaza macrocycles suggest the following sequence for the degree of distortion in relation to a perfect octahedral geometry: Ga(NOTA) ~ Ga(NODASA) ~ Ga(NOTMP) < Ga(NOTP) < Ga(NOTPP) < Ga(NO2AP) < Ga(NOTBzP) < Ga(NOA2P) < Ga(DETA) << Ga(DOTRA) << Ga(UNTA) [20] . [22, 26] . Above pH 10-12, the NMR signal of the free ligand also starts to appear (Fig. 7) .
The 1 H, 13 C and 2D NMR spectra of Ga(NOA2P) 2- , as well as the 1D 1 H spectrum of Ga(NO2AP) -at pH 7 are shown in Figures S8, S9 and S10, and should be compared with those of Ga(NOTP) 3-and Ga(NOTA) from the literature [11, 12, 20] . Their detailed analysis is described in the SI. Here only the main conclusions are highlighted. The type of proton spectrum obtained for these complexes depends on the NMR timescale of their internal conformational rearrangements, namely the concerted ()() conformational interconversions of the ethylene diamine protons in the five-membered chelates of the triaza ring, and the concerted interconversion of the three pendant arms between  and  configurations in the distorted coordination octahedron. Those processes have been found to be slow for Ga(NOTP) 3- , with quite rigid macrocyclic rings [20] , in contrast with Ga(NOTA), with fast conformational exchange of the flexible ring. [11, 12, 15] . are doublets, with 2 JPC = 14 Hz, due to P-C-N-Cu dihedral angles close to 180º. Those below that plane (C36d and C'25d) are singlets, since the P-C-N-Cd dihedral angles are close to 90º and the coupling is too small to be observed ( 2 JPC < 1 Hz) [16, 36] . The other two carbons (C14d and C'14u) are also singlets, due to their distance from the 31 P nuclei ( 4 JPC < 1 Hz). 
In vivo studies
The properties of the two structurally related radio-chelates The values of mean activity/pixel for each ROI, after background subtraction, stated as the thorax activity, have been used to obtain regional time-activity curves that were further normalized to the maximum activity obtained for each chelate. The imaging data confirm that both radio-chelates undergo renal excretion, as expected for highly charged species. virtually no activity located in the bones or at the liver-spleen level.
Conclusions
The protonation of the triaza macrocyclic ligands NOTP C and 69/71 Ga) NMR spectroscopy and were compared with previous results with NOTA 3- and NOTP 6- . We determined the ligand stepwise protonation constants by NMR, including the very high first one (log KLH1 >14) for NOTP 6-and NO2AP 4- , which is outside the range of potentiometry. The high basicity of the chelators contributes to the slow formation kinetics of their Ga 3+ chelates and the slow 67/68 Ga radiolabeling, requiring heating at 95 ºC for 30 minutes. It has been previously proposed that during the formation of chelates with this kind of macrocycles the rigid ring acts simply as a frame, constraining the pendant arms of the ligand (either acetate or methylenephosphonate) to a rather rigid position, favourable for coordinating the M 3+ ions [37] . All the studied chelates have shown a remarkable thermodynamic and kinetic stability in solution. However, their structural internal dynamics were found to be different. The higher rigidity of the NOTP 6-chelate was particularly evident when compared with the NOTA 3-chelate, which lead to the nonequivalence of all the ring protons in the former complex. The NOA2P 5-chelate shows a similar rigidity to the NOTP 6-chelate, whereas the macrocyclic ring in the NO2AP 4-chelate is as flexible as the ring in the NOTA complex. Thus, from the present studies of this series of Ga 3+ complexes, we observed a rigidifying effect of an increasing number of phosphonate groups on the ligand structure.
In addition to their own steric requirements, the conformational characteristics of the macrocyclic ring in the chelated ligands are largely determined by the ionic radius of the metal ion. From this and other studies, the high preference of the triaza macrocycles for the Ga 3+ -ion is evident, a fact of great importance in the biomedical applications of these type of chelates. This is illustrated by the remarkably high thermodynamic stability constant of the Ga(NOA2P) 2-complex (log KGaL = 34.44), which was determined by a method based on the combined use of potentiometry and
69
Ga and 31 P NMR, as a case study. Its conditional stability at pH 7.4 is still considerably higher than the Ga 3+ -transferrin complex.
The Ga(NOA2P) 2-chelate is also more stable than Ga(NOTA) and Ga(DOTA) -chelates, frequently used in bioconjugation.
The multinuclear NMR data obtained for the GaL chelates allowed to obtain new insights into their conformational dynamics, in particular, the rigidifying effect of phosphonate vs.
carboxylate Ga 3+ chelation.
The in vivo behaviour of the radiochelates 67 Ga(NO2AP) -and 67 Ga(NOA2P) 2-in Wistar rats, as studied by gamma-imaging and biodistribution, proved their high in vivo stability and rapid renal excretion. Our studies also demonstrated how the biodistribution profile of small chelates can be tuned by the overall chelate charge, as the renal retention of the chelates increases with their negative charge.
In conclusion, the presence of phosphonate binding groups increases the thermodynamic stability and rigidity of the Ga 3+ triaza macrocyclic chelates, which are important features to take into account in the optimized design of 67/68 Ga-radiolabeled bioconjugates for nuclear imaging. For instance, the single acetate arm of NOA2P could be conjugated to the terminal amino group of a peptide, as shown before for Ga(NOTA)-RGD conjugates [24] . Ga 3+ -NODAGA analogues, similar to Ga 3+ -NODAGATOC, [43] with two methylenephospho(i)nate arms and the carboxylate group conjugated to a peptide, such as a c-RGD or an octreotide, could also be envisaged in future work
Experimental section
Materials
The ligands H6NOTP [26, 44] , H4NO2AP and H5NOA2P [45] were synthesised according to the literature. The purity of these ligands was checked by 1 H NMR spectroscopy, and their chemical shifts were in agreement with the values reported in the literature [26, 44, 45] .
[ 67 Ga](citrate) was purchased from CIS-BIO (Gif-sur-Yvette, France). All the other reagents and solvents were of analytical grade and were purchased from Sigma-Aldrich and were used without further purification.
Potentiometry
The potentiometric titrations were carried out with a Metrohm 702SM Titrino titration workstation with the use of a Metrohm-6.0233.100 combined electrode. The titrated solutions (6 -10 mL in total) were thermostated at 25 ± 0.1 ºC. The samples were magnetically stirred and N2 gas was bubbled through the solutions before and during the procedure to avoid any interaction with air. The titrations were performed in the pH range of 12.35-2.04 (see Fig. 2 ). The ionic medium was 0.1 M KCl. The pH-electrode was calibrated using standard KH-phthalate (pH = 4.005) and borax (pH = 9.177) buffers. The H + concentrations were calculated from the measured pH values according to the method proposed by Irving et al. [46] . 
NMR studies
The NMR spectra were obtained on a Bruker Avance II 400 spectrometer operating at 400 The spectra were obtained in the temperature range of 20 to 80 °C and in the pH range of 0.5 to 13. Some 1 H and 31 P NMR were recorded in highly alkaline solutions of 1-10 M KOH (i.e. out of range of the pH concept), where the pH = 14 + log CKOH. The experiments at variable temperature were run with a precision of ± 0.5 °C.
The solutions of the ligands NOA2P, NO2AP and NOTP (10 mM) for 1 H NMR pH titrations were prepared in D2O (99.8 %) and the pD was adjusted with DCl and CO2-free NaOD solutions. The final pH was determined with a Hanna 8417 pH meter fitted with a combined Hanna H11310 electrode. For the D2O solutions, the measured pH value was corrected for the deuterium isotope effect according to pH = pD -0.40. [49] The first pKa values of NOA2P and NOTP were determined at 25º C by 31 P NMR. 
Imaging and activity counting
A gamma camera-computer system (Maxicamera Digital GE 400 AC -camera, from
General Electric, Milwaukee, WI, USA) was used for acquisition and pre-processing of the in vivo gamma images, controlled by a Starport computer. Data processing and display were performed on a personal computer using homemade software developed for the IDL The animals were then positioned in ventral decubitus over the detector. Image acquisition was initiated immediately before radiotracer injection. Sequences of 180 images (of 10 s each) were acquired to 64 x 64 matrices. Images were subsequently processed using a homemade IDL based program. In order to analyse the transport of radiotracer over time, three regions of interest (ROI) were drawn on the image files, corresponding to the thorax, liver, and left kidney. From these ROI, time-activity curves were obtained. In addition, static data were acquired at 24 and 48 h after the radiotracer injection.
Biodistribution studies.
Two groups of four anaesthetized animals were injected with circa 110 Ci of each [ 67 Ga]
chelate. The animals were sacrificed 2 h and 48 h after injection and the major organs were collected, weighted and their activity counted in a  well-counter. Figure 1 . Chemical structures and atoms numbering scheme used for the proton NMR assignments for the triazamacrocyclic ligands investigated in this work. 68 Ga NMR spectra (left stack) and 31 P NMR spectra (right stack) of 10 mM GaNOA2P solutions at 25 o C in the pH range of 11.14 -13.0. 
Figures and Captions
